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MAGNETIC LEVITATION STAGE APPARATUS AND METHOD 

BACKGROUND OF THE INVENTION 
Field of the Invention 

5 Tlie present Invention relates to stages that support and move a workplece, and 

in particular relates to magnetic levitation (maglev) stages. 

Description of tiie Related Art 

There are many industrial applications that require precise movement and 
mo positioning of a workpiece. In the case of semiconductor manufacturing, the workpiece 
is a semiconductor wafer moved and positioned with respect to the projection lens (or 
other system reference) of the photolithography system. This movement and 
positioning is accomplished by placing the workpiece on a precision stage capable of 
moving in three linear and three rotational dimensions. The required movements in the 
IS linear dimensions are often as small as nanometers and in the rotational dimensions as 
small as micro-radians. 



o 



ry 



The first lithography systems used stages that employed direct drive mechanisms 
I for providing motion, such as contact bearings and lead screws. Rails were used to 
■■ 20 provide sliding or rolling contact of the stage over a large stage base. As the demands 
on the lithography process increased (e.g., greater throughput, faster printing, more 
accurate alignment, smaller device features, etc.), demands on stage performance 
(e.g., greater stage speed, higher accuracy, less vibration, longer lifetime, etc.) also 
increased. This led to the development and use of more precise and stable non-contact 
25 bearings, such as gas and fluid bearings, and later, magnetic levitation fmaglev^ 
bearings. 

Maglev bearings have a number of advantages over other types of non-contact 
bearings, such as providing six-degrees-of-freedom (DOF) from a monolithic workpiece 
30 carrier, mechanical simplicity, and inherent Isolation from seismic disturbance forces. 
U.S. Patents No. 5,157,296, 5,196,745, 5,294,854 and 5,699,621 describe various types 
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of maglev stages for lithography systems. Further, the article by M. E. Williams et al., 
entitled Magnetic LevHation Scanning Stages for Extreme Ultraviolet Uthography, ASPE 
14* annual meeting, Monterey CA., November 1999, also discusses maglev stages. 

s Prior art lithography system stages have an acceleration of about 0.15g and 

velocities under 300 mm/sec. Also, the platens of prior art stages have not been 
especially massive, particularly when compared to the anticipated needs of next- 
generation stages. Consequently, vibration generation from stage movement has not 
been as severe a problem in the past. However, because of the demands for next- 

10 generation lithography, the next-generation lithography systems will require more 
massive stages (e.g., to accommodate larger wafers), higher velocities, and greater 
acceleration (e.g., 2g). 

□ 

□ The control force in a maglev stage is provided by actuators magnetically 

f^i5 coupled to a mass (e.g., a stage base) significantly more massive than the platen. The 

^ application of force to the platen results in a reaction force that is transmitted to the 

larger mass through a structural support. This reaction force can create undesirable 
f broadband vibrations that can be transmitted to other portions of the lithography 
h system, as well as to tools and Instruments residing nearby. In the next-generation 
^ 20 stages, the broadband vibrations from these reaction forces will be significant and have 

the potential to adversely affect the perfonnance of the lithography system. 

Typical prior art maglev stages have a wafer carrier that has a first section 
kinematically mounted to a larger second section. TTiis mounted section supports the 

25 wafer and includes mirrors used by one or more interferometers to determine the stage 
position. A kinematic mount Is used to decouple the interferometer mirror from control 
forces that could distort the mirror surface. The need for a kinematically mounted 
wafer carrier section in prior art maglev stages is due to the fact that the applied forces 
that position the stage are overconstrainlng. An overconstraining force is one that 

30 when applied will not change the stage position or orientation but will instead distort 
the structure. Unfortunately, the need for a kinematically mounted section complicates 
the design of the stage. 

Thus, as the demands on the lithography process continue to grow, so do the 
35 demands on stage performance. Accordingly, improved maglev stage designs are 
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needed to meet the heightened lithography process demands. 

SUMMARY OF THE INVENTION 

A first aspect of the invention is a magnetic levitation (maglev) stage apparatus. 
5 The apparatus include a platen having an upper surface capable of supporting a 
worlcpiece. In an example embodiment, the platen is formed as a grid made up of 
carbon-fiber sheets. A set of magnet arrays is arranged on the bottom surface of the 
platen. Rrst and second side magnet arrays are arranged on opposite sides of the 
platen. A support frame at least partially surrounds the platen on the opposite sides 
10 and the bottom surface. Motor coils are arranged on the support frame so as to be in 
operable communication with the set of magnet arrays and the side magnet arrays. 
The magnet arrays and motor coils are operable to magnetically levitate the platen 
1^ within the support frame and move it in up to six degrees of freedom (DOF). The 
b center of force applied to the platen is coaxial with the stage principal axes in the three 
g 15 translational DOF (i.e., X, Y and Z). 

y 

A second aspect of the Invention Is the above-described stage apparatus, further 
J including movable counterweights arranged adjacent the outer sides of the support 
a frame. The counterweights are adapted to move in opposition to the platen to cancel 
^20 the platen accelerating forces. 

A third aspect of the invention is a method of moving a woriqjiece supported by 
^ a platen. The method includes arranging a plurality of magnet an^ys on one or more 
of the platen suri'aces so that the magnet arrays are arranged symmetrically about the 
25 center of gravity of the platen. Further, motor coils are provided on a support frame 
that partially surrounds the platen. The motor coils are then operatively coupled one to 
each magnet array so that one or more forces may be applied to the platen along one 
or more axes passing through the center of gravity of the platen to move the platen in 
up to six degrees of freedom. 

30 

A fourth aspect of the invention is the above-described method, wherein the 
counterweights are moved in opposition to the motion of the platen to cancel the platen 
accelerating forces. 

35 BRIEF DESCRIPTION OF THE DRAWINGS 
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RG.l is a schematic side view of a photolitliography system that includes the 
maglev stage of the present invention; 

RG. 2 is an exploded top-down perspective view of an example embodiment of 
the platen of the present invention showing the grid structure of the base, the top 
sheet that covers the open end of the base, along with the mirror system, the chuck 
and the wafer lift assembly; 

RG. 3A is a top-down perspective view of an example embodiment of the wafer 
lift assembly of RG. 2; 

RG. 3B is a cut-away close-up side view of the voice coil actuator of the wafer 
lift assembly of RG. 3A , illustrating the anangement of the fixed magnet, movable coil, 
and the damper connected to the movable coil; 

RG. 4 is bottom-up isometric view of the platen of the maglev stage of RG. 1, 
showing the three magnet arrays arranged on the lower surface of the platen; 

RG. 5 is a top-down Isometric view of the maglev stage of RG. 1, with the 
platen removed, showing the U-shaped support frame with the five motor coils 
arranged thereon; 

RG. 6 is a detailed isometric view of the maglev stage of FIG. 1; and 

RG. 7 is a close-up side view of an example differential interferometer system as 
Incorporated with the maglev stage and photolithography system of RG. 1. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to stages that support and move a workpiece, and 
in particular relates to magnetic levitation stages. 

With reference to RG. 1, there is shown a schematic cross-sectional view of the 
maglev stage 10 of the present invention as part of a photolithography system 12. 
Maglev stage 10 includes a monolithic platen 20 having an upper surface 22, opposite 
sides 24 and 26, and a bottom surface 28 opposite the upper surface. Upper surface 
22 supports a workpiece (wafer) W. In an example embodiment of the invention, 
platen 20 is monolithic. Platen upper surface 22 is sized to accommodate a workpiece 
W. For example, where the workpiece is a 300 mm wafer, an example dimension of 
upper surface 22 is 14" x 14". 



Platen 20 also includes a mirror system 30 fixed thereto that Is capable of 
reflecting light of a select wavelength from one or more light sources while the stage is 



being positioned and aligned. Mirror system 30 serves as part of an interferometer 
system, discussed below. Mirror system 30 has a sufficient number of reflective 
surfaces to provide position feedback in all six degrees of freedom. Mirror system 30 Is 
preferably made of a thermally stable material, such as ZERODUR® available from 
5 Schott Janaer Glas, GmbH, Mainz, Germany. In an example embodiment, mirror 
system 30 may be formed integral with a chuck 32 having a surface 32S and a lower 
surface 32L (RG. 2). Chuck 32 resides atop the platen and supports wafer W. Chuck 
32 is preferably formed from a thermally stable material such as ZERODUR®. 

10 Example platen 

With reference to FIG. 2, there is shown an exploded view of an example platen 
20 comprising a base B with grid structure of bonded carbon fiber sheets FS. A face 
M sheet 33 of a themnally stable material such as ZERODUR® or any similar ceramic 
2 material with a very low coefficient of thermal expansion such as ceramic or aluminum 
ry 15 is bonded to an open end of the grid to form upper suri'ace 22. The grid structure is 
W preferably rectangular, though other grid structures (e.g., honeycombed) are possible. 
^ A separate 'T" shaped mirror system 30 is fabricated and polished independently of 
^ bonded face sheet 33 and optically contacted thereto. The optical contacting of mirror 
" system 30 to top face sheet 33 results In a permanent bond between the two. 

11120 

^ Wafer lift assembly 

g With reference now also to FIGS. 3A and 3B, a wafer lift assembly 34 is arranged 

M- within base B and Is coupled to chuck 32 through an aperture AP in face sheet 33. 

Assembly 34 is designed to lift (e.g., by Va") and lower a wafer (not shown) onto and 
25 off chuck surface 32S with lifting pins 36 to provide access to the bottom surface of the 

wafer so that an arm of a wafer-handling robot (not shown) can engage the wafer. 

Assembly 34 fits at least partially within aperture AP in sheet 33 so that pins 36 extend 

through to chuck surt'ace 32S via holes HI formed in the chuck, and make contact with 

the underside of a wafer placed on the chuck surface. 

30 

In an example embodiment, pins 36 each have vacuum ports P at the center 
that allow the pins to engage the underside of the wafer with a vacuum to hold the 
wafer securely. Assembly 34 includes a fixed mounting plate FMP with a central 
aperture AC. Fixed mounting plate FMP is fixed relative to chuck lower surface 32L (not 
35 shown) so that it does not move relative to the chuck. A vert:ically movable plate VMP 
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is arranged beneath fixed mounting plate FI^P and is coupled thereto by a voice coll 
actuator VGA. Vertically movable plate VI^P includes a number of spaced apart 
upwardly extending pins 36 (e.g., 3 pins located 120 degrees apart) near the edge of 
the plate. 

5 

Voice coil actuator VGA includes a movable coil C and a magnet M surrounding 
the coll (RG. 3B). Magnet M is attached to fixed mounting plate FMP around central 
aperture AC. Fixed mounting plate FMP includes, near its edge, a number (e.g., 3 as 
shown) of porous air-bushings AB. In an example embodiment, arms AMI that extend 
10 outwardly from central aperture AC are used to hold air-bushings AB. Air-bushings AB 
surround pins 36 and provide constrained non-contact movement of the pins in the 
vertical (Z) direction. In an example embodiment, air-bushings AB are attached to the 
H. underside 32L of chucic 32 to fix the fixed mounting plate FMP. 
S 

j^i5 Movable coil C extends up into magnet M through fixed mounting plate central 

|aI aperture AC. Thus, activation of voice coil actuator VCA causes magnet M to 
^ magnetically engage movable coil C to create a force that pulls vertically movable plate 
|S VMP vertically toward fixed mounting plate FMP. TTie upward movement of vertically 

movable plate VMP acts to move pins 36 within air-bushings AB and through 
^20 corresponding holes HI in chuck 32. The movement of pins 36 is initiated by an 
^ electrical signal frx)m either stage controller 150 or main controller 154. The electrical 
p signal drives a current amplifier CA, which produces an amplified signal used to activate 
M= voice coil actuator VCA. When pins 36 are in the retracted position, voice coil actuator 

VCA is off and no current flows. The command signal to current amplifier CA is thus 
25 either high or low. 



In an example embodiment of assembly 34, the vertical motion of pins 36 Is 
appropriately profiled by a damper D operably connected to movable coil C by a rod R 
(RG. 3B). Damper D is connected to fixed mounting plate FMP by support members 
30 SM that pass through vertically movable plate VMP. The position profile of pins 36 is 
critically damped by the action of damper D on movable coil C through rod R so that 
the command signal does not require additional signal conditioning to provide damped 
motion. 



35 Wafer lift assembly 34 of RGS. 3A and 3B has a non-contact construction, i.e., 
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pins 36 and fixed mounting plate Fi^lP do not make pliysical contact with otiier parts of 
the assembly. This is important because of the highly repetitive wafer lifting operation 
performed by the assembly, estimated at about a million cycles per year. Non-contact 
construction of assembly 34 prevents the essential parts of the assembly from wearing 
out because of repetitive operation. 

Magnet arrays 

With reference now to FIG. 4, attached to platen bottom surface 28 is a set of 
permanent magnet arrays 36. In an example embodiment, set of magnet arrays 36 
includes three magnet arrays 36a-36c arranged at the vertices of an imaginary triangle 
38 (dashed line) centered about an axis Acg passing through the center-of-gravity COG 
of the platen (RG. 1). Each one of magnet arrays 36a-36c is preferably elongate with a 
long axis Al that Is an-anged in a single direction, e.g., parallel to the X-direction. 
Attached to respective sides 24 and 26 are two more permanent side magnet arrays 
36d and 36e. In an example embodiment, side magnet an-ays 36d and 36e also each 
have an axis Al an^nged along the same direction as magnet arrays 36a-36c, as 
shown. TTius, in the example embodiment, a total of five magnet arrays are attached 
to the platen. The discussion below refers to set of magnet an-ays 36 as including three 
magnet arrays 36a-36c in combination with two side magnet arrays 36d and 36e for the 
sake of illustration and is not meant to be limiting. 

Magnet arrays 36a-36e are preferably relatively flat and rectangular in shape so 
that the mass added to the platen by attaching the magnet arrays thereto Is distributed 
over the platen surface. This results in higher modal frequencies of the platen, which 
enables higher bandwidths and higher acceleration. Also, because there are no active 
control elements on platen 20, there is no subsequent thermal load, which can distort 
the platen as well as mirror system 30. In an example embodiment, magnet arrays 
36a-36e each comprise an an^y of smaller magnets arranged in alternating north and 
south poles or arranged in a Halbach pattern. The smaller magnets may be square or 
rectangular in cross-section and have a remanence between about 1.0 T and about 
1.5T. 

Motor coils 

With continuing reference to HG. 1 and also now to RGS. 5 and 6, at least 
partially surrounding platen 20 on sides 24 and 26, and bottom surface 28 is a U- 
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shaped support frame 50 having opposing Inner sides 54 and 56, an inner bottom 
surface 58, an outer bottom surface 60, opposite outer sides 64 and 66, and an upper 
surface 68. Affixed to inner bottom surface 58 is a set of motor coils 70 (e.g., 
comprising motor colls 70a-70c) an^inged opposite the set of magnet arrays 36 (e.g., 

5 magnet arrays 36a-36c) to be operatively (I.e., magnetically) coupled thereto. Affixed 
to respective sides 54 and 56 are two additional side motor coils 70d and 70e arranged 
opposite side magnet arrays 36d and 36e and operatively (i.e., magnetically) coupled 
thereto. In an example embodiment of the Invention, motor colls 70a-70e are linear 
motors, such as Lorentz-force planar linear motors. In an example embodiment, motor 

10 coils 70a-70e are three phase linear motors approximately 3" x 24" with a force 
constant of 30 N/A (Newtons per Ampere). 

}=4 In an example embodiment, motor colls 70a-70e Include respective cooling lines 

9 72a-72e (RG. 5) through which fluid can flow to transfer heat generated by the 
§15 actuators away from platen 20 and mirror system 30. Magnet arrays 36a-36e and 
W motor colls 70a-70e are arranged such that a small (e.g., 100 microns to 1 mm) gap 74 
^ exists between the motor coils and the magnet arrays. TTie arrangement of magnet 
^ arrays 36a-36e and motor coils 70a-70e is such that platen 20 is magnetically 
" suspended flevitated") within frame 50 and can be moved in six degrees of freedom by 
^20 selective activation of the motor coils. Here, activation of the motor coils may include, 
for example, changing the current amplitude provided thereto. 

M 
O 

H- Specifically, motor coils 70a-70c and associated magnet arrays 36a-36c may be 

used to provide lift (levitation) and control of state (i.e., the position, orientation, 

25 velocity, acceleration, etc.) of platen 20 in three degrees of freedom (DOF), namely Z, 
8x and By. Note that the three DOF are accomplished with actuators 70a-70c all 
oriented In a single DOF (i.e., along the X-directlon). Likewise, actuators 70d and 70e 
and associated magnet arrays 36d and 36e (also oriented in the same single DOF) may 
be used to control the state of platen 20 In the remaining three DOF, namely X, Y and 

30 02. This decoupling Into two separate three-DOF systems is a preferred arrangement, 
however the stage Is not limited to this arrangement. 

In an example embodiment, the travel range of platen 20 In the X direction is 
approximately 350 mm, in the Z direction is approximately 1 mm and in the Y-direction 
35 Is approximately 750 microns. Travel along the X-directlon can be performed in 
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increments as small as nanometers. Further, the angular ranges of motion for By 
and 6zcan be up to 1.5 mlillradlans and In increments as small as nanoradians. Further, 
stage velocities of up to 1 m/sec. and accelerations greater than 2g are possible. 

5 Since magnet arrays 36a-36c are located equidistant from the platen center-of- 

gravity axis Acg (FIG. 4), the center-of-force exerted by motor coils 70a-70c on these 
magnet arrays is on this axis. Thus, the three DOF associated with these magnet 
arrays and actuators are de-coupled from the three DOF associated with magnet arrays 
36d-36e and motor coils 70d-70e, which also have a center-of-force directed through 

10 the COG axis by virtue of these magnet arrays being symmetrically positioned about the 
COG on platen sides 24 and 26. 

Rails for long travel 

b Referring again to FIG. 1, frame 50 is supported on one or more rails 78 upon 

5 15 which the frame can move In a constrained manner in a long travel axis In a direction 

Uj along the rails (i.e., the Y-directlon). In an example embodiment, frame 50 is moved 

^ along the long travel axis on rails 78 using a drive system 82, which may include 

J conventional actuators and bearings. Example actuators Include motors (linear and 

3 rotating), pneumatic, hydraulic, piezoelectric and electromagnetic (Lorentz) motors. 

^ 20 Example bearings Include sliding contact, rolling elements, air, hydrostatic, and 

I-* magnetic bearings. Further, example actuators and bearings suitable for use in the 

^ present Invention are described in U.S. Patent No. 5,699,621, which patent Is 

^ incorporated by reference herein. 

25 Counterweights 

With continuing reference to RG. 1, in a preferred embodiment of the invention, 
two counterweights 100a and 100b are supported by bearings 108a and 108b and 
counterweight actuators 120a and 120b coupled to the countenwights. Bearings 108a 
and 108b, and countenweight actuators 120a and 120b are mounted to respective arms 

30 122a and 122b that extend outwardly from respective sides 64 and 66. Arms 122a and 
122b may be mounted to or formed integral with frame 50 at sides 64 and 66. 
Counterweights 100a and 100b are thus arranged adjacent respective outer sides 64 
and 66. While it is possible to mount counterweight actuators 120a and 120b to outer 
sides 64 and 66, the proximity to motor coils 70e and 70d mounted on the inner 

35 surfaces 54 and 56 of the frame can result in electrical interference. 
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In general, the mass of countenA/eights 100a and 100b can be any proportion of 
the mass of platen 20. The ability of the countenweights to counter the accelerating 
force of the platen is dictated by the acceleration of the counterweights. Thus, if the 
countenArelghts have masses of Ml and M2 respectively and the platen has a mass M3 
and an acceleration a3, then the accelerations al and a2 for the countenA/elghts that 
counter the accelerating force of the platen is determined by the equation: 

(Ml)(al) + (M2)(a2) +(M3)(a3) = 0. 

For example, if each counterweight has a mass twice that of the platen, then 
each counterweight is accelerated at Va of the acceleration of the platen to cancel the 
platen acceleration force. 

For ease of design, in an example embodiment, counterweights 100a and 100b 
y 15 preferably have equal or substantially equal mass. Further, the mass of each 
h& counterweight is preferably equal to or substantially equal to half the mass of platen 20. 
f Thus, in an example embodiment, counterweights 100a and 100b each has a mass of 
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about 20 kg which is about equal to the mass of an example carbon-fiber platen 20 



^ (RG. 2) having a dimension of about 15" x 14" x 4" (" denotes Inches). Counter- 

20 weights 100a and 100b can be made of almost any material, but are preferably made of 
Sj heavy metals such as tungsten, steel, and brass. 



COunten/veights 100a and 100b are capable of moving parallel to sides 64 and 66 
on bearings 108a and 108b, which may be any one of the conventional bearings 

25 mentioned above, and in an example embodiment are air bearings. Counterweight 
actuators 120a and 120b are arranged adjacent counterweights 100a and 100b 
opposite frame 50 and are in magnetic communication with magnet arrays 124a and 
124b mounted to the countenweights. In an example embodiment, magnet arrays 124a 
and 124b are similar or identical to magnet arrays 36a-36e mounted to the platen. In 

30 this case, the magnet arrays serve as part of each countenweight, so that the mass of 
the magnet arrays must be taken into account. 

In an example embodiment, counterweight actuators 120a and 120b each 
comprise a linear motor, similar or identical to motor coils 70a-70e attached to the 
35 frame. Countenweight actuators 120a and 120b thus magnetically engage the 
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counterweights and provide the force necessary for moving the countenweights on 
respective air bearings 108a and 108b in opposition to platen 20 in the three DOF X, Y, 
and 9z. The opposition movement of counterweights 100a and 100b relative to the 
platen acts to cancel the accelerating force of maglev stage 10, which results in less 

5 vibration generated by the movement of the platen. Though the range of motion of 
counten^^eights 100a and 100b Is greatest along the X-dlrectlon, even small amounts of 
movement (e.g., from tens of nanometers to tens of microns in the Y-directlon and 
micro-radians to mllllradians in Oz) provide the additional degrees of freedom needed to 
counter small movements of the platen in the Y-direction and the 6z direction. In the 

10 example embodiment of the Invention that represents a simplification of the design, 
countenwelght actuators 120a and 120b are designed to move countenweights 100a and 
100b in a single DOF (l.e., along the X-direction). 

O Interferometer system 

^15 Stage 10 further includes an interferometer system 130 that includes a coherent 

Ul light source 132 arranged in optical communication with mirror system 30 so that a light 
beam 134 emanating from the light source is incident mirror system 30 and is reflected 
back to the light source. Interferometer system 130 is capable of accurately measuring 
f the state (e.g., position and velocity) of platen 20 relative to a reference position. More 

20 than one interferometer may be used to measure the state of platen 20 along other 
N- axes so that the state of the platen over multiple degrees of freedom can be 
determined. 
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With reference to FIG. 7, there is shown a close-up view of an example 
25 interferometer system 130 suitable for use in the present invention. System 130 
includes mirror system 30 with a first horizontal mirror 133, a second horizontal mirror 

135 as part of a stable support structure 180 (discussed below), and an optical system 

136 optically coupled to mirrors 133 and 135 and mounted to support frame 50 atop 
upper surface 68. As discussed above, system 130 further includes coherent light 

30 source 132, such as a HeNe laser, that provides an input light beam Bl to optical 
system 136. Optical system 136 has two vertical (i.e., Z-direction) optical paths: a first 
optical path 140 with length LI between optical system 136 and mirror 135, and a 
second optical path 142 with length 12 between the optical system and mirror 133. 
The difference between optical path lengths LI and L2 determines the location of platen 

35 20 relative to support frame 50. Thus, interferometer system 130 of FIG. 7 constitutes 
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a differential interferometer. Data pertaining to the difference in tlie optical path 
lengths (and thus the relative position of platen 20) is provided in a return light beam 
B2. 

5 Stage controller 

Referring again to FIG. 1, the data produced by one or more interferometer 
systems 130 are provided to a stage controller 150, which is in electrical communication 
with Interferometer system 130, motor coils 70a-70e and counterweight actuators 120a 
and 120b. Stage controller 150 is capable of calculating the state of platen 20 based on 
10 the interferometer data and motor coils 70a-70e to provide the necessary movement of 
the platen to change its state. Stage controller 150 also may activate counterweight 
actuators 120a and 120b to initiate movement of counterweights 100a and 100b when 
y. it is deemed desirable or necessary to provide a reaction force to the movement of the 
S platen. The decision to move countenweights 100a and 100b in a particular direction 
§15 and speed can be made by suitably programming stage controller 150. 

^ Stage controller 150 is also preferably connected to a main controller 154 that 

^ controls the operation of photolithography system 12 so that the exposure of wafer W 

" and the movement of the wafer in system 12 is properly synchronized. In an example 

^20 embodiment of the invention, stage controller 150 is part of main controller 154. 

g Photolithography system 

Ni With reference to FIG. 1, also included in photolithography system 12 is a 

projection lens 176 supported by support structure 180, a reticle stage 182 that 
25 supports a reticle R, and an illumination system 184 that illuminates the reticle so that it 
can be imaged by the projection lens onto wafer W. Support structure 180 may also 
support interferometer 130, as shown. Such an arrangement is preferable because it 
decouples the measurement of the platen state with the force loop used to move the 
platen. 

30 

Method of operation 

With continuing reference to FIG. 1, stage 10 operates as follows. When wafer 
W needs to be moved relative to projection lens 176 (or some other reference position), 
stage controller 150 sends an electrical signal to motor coils 70a-70e. Depending on 
35 the nature of the required movement, select ones of motor coils 70a-70e engage 
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corresponding ones of magnet arrays 36a-36e so as to provide the force necessary to 
initiate motion of platen 20 with up to six degrees of freedom. The position of 
magnetic arrays 36a-36e and motor coils 70a-70e are such that the forces generated on 
the platen by each magnet-motor coil combination are directed through the center of 
5 gravity through corresponding DOF axes passing through the center of gravity. 



When necessary (e.g., for high-g stage accelerations), simultaneous with the 
activation of motor colls 70a-70e, countenweight actuators 120a and 120b may be 
optionally activated by an electrical signal sent from stage controller 150. 
10 Counterweight actuators 120a and 120 move counterweights 100a and 100b to oppose 
the motion of platen 20 to counter the reactive forces applied by motor coils 70a-70e to 
platen 20. TTie force applied by counterweight actuators 120a and 120b Is designed to 
cancel the force of stage 10 so that there is a reduced, or zero, net force applied to the 
O surrounding structure (e.g., support structure 180) when the platen is moved. 

ry 

y Accordingly, the present invention includes a method of patterning a 

photosensitive wafer. With reference to FIG. 1, the method includes supporting the 
J photosensitive wafer on platen 20 of maglev stage 10. Reticle R supported by reticle 
H stage 182 Is then repeatedly illuminated with radiation having a wavelength that 
^20 activates the photosensitive wafer. An image of the reticle is then formed at the wafer 
^ for each repeated illumination. During the repeated Illuminations, the wafer is moved 
via maglev stage 10 in up to six degrees of freedom so as to form an exposure field on 
y, the wafer for each image. In an example embodiment of the method, during the 

movement of the platen, the counten^/eights are moved In opposition to the platen to 
25 cancel the overall force of the stage. 



As mentioned above, platen 20 may be monolithic. The use of a monolithic 
platen in the present invention is made possible by combining the force loops 
associated with magnet an^ys 36a-36e and motor coils 70a-70e and the metrology loop 

30 associated with Interferometer system 130 and support structure 180. In prior art 
stages, kinematic mounts are used to support the portion of the wafer carrier (platen) 
that includes the mirror system used by the interferometer to measure the platen state. 
In an example embodiment of the present invention, five magnet arrays 36a-36e 
provide the kinematic constraining forces that, in the prior art, require separate 

35 kinematic mounts. Further, as mentioned above, the geometry of the magnet arrays 
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and associated actuators is such that the kinematic control forces are directed through 
the platen's center of gravity for all six degrees of freedom. This allows for the efficient 
application of force to the platen. 

The design of stage 10 is such that power is not dissipated in the platen because 
only magnet arrays reside on the platen; there are no active heat-producing 
components (e.g., actuators) on the platen. Accordingly, there is no direct joule- 
heating of the platen by the motor coils. This obviates the need to cool the platen, 
which means fewer cooling lines are needed for the stage and a simpler design overall. 
Only the set of motor coils residing on frame 50 generate heat that may need to be 
dissipated through cooling. This can be accomplished through cooling lines 72a-72e. 

Another benefit of the design of maglev stage 10 Is that the force applied to 
platen 20 is only weakly dependent on the change in the size of gap 74 between the 
motor coils and the magnet an^ys. This is accomplished by using linear actuators, such 
as Lorentz-force actuators, that are relatively insensitive to the gap spacing. In the 
prior art, variable reluctance actuators are used, wherein the actuator force varies 
strongly (I.e., as the square) of the gap spacing, requiring the gap spacing to be 
carefully measured. The present invention does not require measuring the gap spacing, 
and so does not require the additional instrumentation (e.g., capacltlve gauges) usually 
used to measure the gap spacing. 

A further benefit of the design of maglev stage 10 is that the surfaces of the 
platen do not need to be highly finished because the platen is not in mechanical contact 
with the support frame. This is an important because a good deal of cost is involved in 
finishing bearing surfaces in prtor art stages. 

The many features and advantages of the present invention are apparent from 
the detailed specification, and, thus, it is intended by the appended claims to cover all 
such features and advantages of the described apparatus that follow the true spirit and 
scope of the invention. Furthermore, since numerous modifications and changes will 
readily occur to those of skill in the art, it is not desired to limit the invention to the 
exact construction and operation described herein. Accordingly, other embodiments are 
within the scope of the appended claims. 
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